Abstract Purpose: Genetic polymorphisms of DNA repair genes seem to determine the DNA repair capacity, which in turn may affect the risk of breast cancer. To evaluate the role of genetic polymorphisms of DNA repair genes in breast cancer, we conducted a hospital-based case-control study of Korean women. Experimental Design: We included 872 incident breast cancer cases and 671 controls recruited from several teaching hospitals in Seoul from 1995 to 2002. Twelve loci of selected DNA repair genes were genotyped by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (XRCC2 Arg . When Bonferroni's method was used to correct for multiple comparisons for nine polymorphisms with P = 0.005, all of these associations were not significant. However, the effects of RAD52 2259 CT or TT and ERCC1 354 CT or TT genotypes were more evident for the estrogen/progesterone receptor^negative cases (OR, 2.03; 95% CI, 1.24-3.34 and OR, 1.99; 95% CI, 1.35-2.94, respectively). Conclusion: Our findings suggest that genetic polymorphisms of RAD52, ERCC1, and hMLH1 may be associated with breast cancer risk in Korean women.
Exogenous carcinogens and endogenous oxygen species can induce DNA damage and genomic instability that may lead to carcinogenesis through activation of oncogenes and inactivation of tumor suppressor genes (1) . Thus, DNA repair is expected to play a role in maintaining genomic stability (2) . Because defects in DNA repair genes involved in double strand break repair (DSBR) such as BRCA1 and BRCA2 are implicated in familial breast cancer, overall DNA repair capacity may have an effect on the risk of sporadic breast cancer as well (3) . Genetic polymorphisms of DNA repair genes seem to determine the DNA repair capacity (4) , which in turn may affect the risk of breast cancer (5, 6) .
A number of studies have evaluated the association between single nucleotide polymorphisms (SNP) of DNA repair genes and breast cancer risk, but only a few studies evaluated the association between genetic variants in DSBR genes and breast cancer risk (7 -10) . In those studies, SNPs of DSBR genes such as XRCC2, XRCC4, XRCC6, and LIG4 have been reported to be associated with risk of breast cancer. Fu et al. (8) found that the combined genotypes of nonhomologous end-joining DSBR genes were associated with an elevated risk of breast cancer in Taiwanese women. Another study suggested that there is an interaction between polymorphisms of DNA repair genes and family history of breast cancer or plasma a-carotene level in the etiology of breast cancer (9) .
Just as the DSBR genes may play an important role in the etiology of breast cancer, other DNA repair genes may also be involved in the development of breast cancer. Therefore, a large number of SNPs of these genes remain to be evaluated for their association with risk of breast cancer. To date, no study has reported the association between genetic polymorphisms of LIG1, ERCC1, and hMLH1 and breast cancer risk. Therefore, we extended our previous study on the association between genetic polymorphisms of XRCC1 and hOGG1 and breast cancer in Korean women (11, 12) . In this study, we investigated the associations between additional 12 SNPs of six selected DSBR genes (i.e., XRCC4, XRCC6, LIG4, XRCC2, RAD51, and RAD52), one base excision repair gene (LIG1), one nucleotide excision repair gene (ERCC1), and one mismatch repair gene (hMLH1) and breast cancer risk in a hospital-based casecontrol study of a Korean population. A total 12 polymorphic sites in these nine genes were selected based on the consideration of their relatively high allele frequencies (i.e., at least 5% of the variant allele containing genotypes) and previous association studies conducted in Caucasian populations (6, 7, 10, 13 -17) .
Materials and Methods

Study subjects
Histologically confirmed incident breast cancer cases (n = 1,152) and controls (n = 1,057) were recruited from three teaching hospitals in Seoul between 1995 and 2002. Approximately 20% of cases and 14% of controls approached were excluded from the final study groups because of refusal to participate, failure to interview, and no blood collection. Selected characteristics (e.g., age and education) were not different between study participants and patients who refused to participate in this study. Those with present or previous history of cancer, amenorrhea, previous history of hysterectomy, oophorectomy, and hormone-related diseases such as thyroid problems were excluded from cases and controls. Benign breast tumor, other breast diseases (e.g.,mastitis, benign calcification, etc.), and other systemic problems like chronic liver diseases were also excluded from the controls.
After additional exclusion of the subjects without DNA samples, 872 cases and 671 controls were included in the final analysis. The main diseases of final control subjects were infection or stone of gall bladder/ bile duct (42%), acute appendicitis (31%), hemorrhoid (11%), and the others (16%).
Informed consents were obtained at the time of blood drawing. The study design was approved by the Committee on Human Research of Seoul National University Hospital. Information on demographic characteristics; education; marital status; family history of breast cancer in first-and second-degree relatives; reproductive factors; menstruation; and lifestyles including alcohol consumption, smoking, and diet was collected using a questionnaire given by trained interviewers.
Genotyping
DNA was isolated by using the standard methods from blood drawn into 10-mL heparinized tubes and stored at À20jC until genotyping. Selected genetic polymorphisms of the DNA repair genes were genotyped by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry (XRCC2 Arg Following the PCR, unincorporated deoxynucleotide triphosphates were removed by adding 0.3 unit of shrimp alkaline phosphatase and incubating for 20 minutes at 37jC followed by 5 minutes at 85jC for enzyme inactivation. The primer extension was started at 94jC for 2 minutes followed by 55 cycles of 94jC for 5 seconds, 52jC for 5 seconds, and 72jC for 5 seconds. The total volume of each reaction was 9 AL, and reaction mixture contained hME (homogeneous massextend) enzyme (Thermosequenase; Amersham Pharmacia Biotech, Buckinghamshire, United Kingdom), appropriate termination mix, and extension primers (see the Appendix A). After desalting of the reaction products with SpectroCLEAN (Sequenom, Inc., San Diego, CA), samples were dispensed on 384-well SpectroCHIP (Sequenom), using SpectroJET (Sequenom). The SpectroCHIPs were analyzed in the fully automated mode with the MALDI-TOF MassARRAY system (BrukerSequenom, San Diego, CA).
For quality control in genotyping, randomly selected 50 samples were genotyped and resequenced by oligonucleotide sequencing method. No discrepancy was found between MALDI-TOF genotyping and sequencing method.
Estrogen and progesterone receptor status
Immunohistochemical tests were done to determine expression levels of estrogen receptor (ER) and progesterone receptor (PR) status of the tumors from 544 cases. The immunohistochemical tests were done on paraffin blocks from tumor tissues fixed in 10% neutral buffered formalin. All immunohistochemical tests were carried out immediately after surgery for each case. All slides were reviewed by a pathologist without knowledge of demographics or treatment response. The primary antibodies for ER (DAKO, Glostrup, Denmark) and PR (DAKO) have been previously characterized (18) . A cutoff value of 10% or more positively stained cells of the total cells per 10 high-power fields was used to determine ER and PR expression. The proportions of ER negative (ER À ) and PR negative (PR À ) were 38.6% and 54.0%, respectively.
Statistical analyses
The differences in mean age and body mass index were evaluated by Student's t test. The risk of breast cancer was estimated as odds ratios (OR) and 95% confidence intervals (95% CI) by unconditional logistic regression model.
Hardy-Weinberg equilibrium test was done for the genotype distribution in the controls for evaluating possible selection bias and genotyping errors. In multivariate analyses, the ORs for genotypes were adjusted for age, education, family history of breast cancer in first-or second-degree relatives, parity, and age at first full-term pregnancy, alcohol consumption, and smoking. To increase the statistical power based on findings of dominant or recessive model, three genotypes were grouped into two categories in subsequent analyses such as stratified analysis by menopausal status (i.e., premenopausal and postmenopausal) and the analysis with polychotomous model according to sex hormone receptor status (i. ). The heterogeneity of the genotype distributions among the subgroups of cases according to ER and PR status was tested by the difference of polychotomous ORs. The possible interactions between genotypes and other risk factors (i.e., alcohol consumption, smoking, age at first full term pregnancy and parity, and family history of breast cancer in first-and second-degree relatives) in breast cancer development were evaluated by the likelihood ratio test. The difference of two À2LogL values of logistic models with and without interaction terms was referred to the tables of m 2 using one degree of freedom.
Results
As shown in Table 1 (Table 1) .
Three SNPs (i.e., the XRCC2 31479G > A, XRCC6 1796 G > T, and LIG4 1997T > C) of the 12 tested were not polymorphic in this study population. Those monomorphic sites were confirmed by oligonucleotide sequencing of 30 samples. The genotype distributions of other nine SNPs did not diverted significantly from Hardy-Weinberg equilibrium (P > 0.05) and the frequencies of minor alleles were 0.28 for XRCC4 921T, 0.13 for RAD51 135C, 0.05 for RAD51 172T, 0.47 for RAD52 2259C, 0.34 for LIG1 551C, 0.28 for ERCC1 8092A, 0.24 for ERCC1 354T, 0.44 for hMLH1 À93G, and 0.03 for hMLH1 219 Val. When the two loci in the same gene were evaluated for linkage disequilibrium, two loci in RAD51 gene (135G>C and 171G>T) were in negative linkage disequilibrium (DV = 0.88), whereas two loci in ERCC1 or hMLH1 gene did not show strong linkage disequilibrium (DV = 0.38 and 0.49, respectively).
Increased breast cancer risk was associated with the RAD52 2259 CT or TT genotypes (OR, 1.33; 95% CI, 1.02-1.75 compared with the CC genotype) and the hMLH1 À93 GG genotype (OR, 1.31; 95% CI, 0.99-1.74 compared with the AA or AG genotypes), whereas decreased risk was associated with the ERCC1 8092 AA genotype (OR, 0.58; 95% CI, 0.38-0.89 compared with the CC or CA genotype; Table 2 ).
Stratification by menopausal status revealed that the risk of breast cancer was significantly elevated for the RAD52 CT or TT and ERCC1 8092 AA carriers among premenopausal women (OR, 1.47; 95% CI, 1.06-2.05 and OR, 0.52; 95% CI, 0.31-0.86, respectively), and the risk increased in a dose response manner as the number of hMLH1 À93 G allele increased in postmenopausal women (OR, 1.33; 95% CI, 0.81-2.19; OR, 2.24; 95% CI, 1.21-4.17, respectively; P trend = 0.01). However, when Bonferroni's method was used to correct for multiple comparisons for nine polymorphisms with P of 0.006 (ffi0.05/9), all of these associations were no longer significant.
When the cases were divided into subgroups by ER/PR status, the effects of RAD52 2259C > T and ERCC1 354C > T genotypes were more evident for the ER À /PR À cases (Table 3) . However, the effects of other genotypes were not different by ER/PR status. The RAD52 2259 CT or TT genotypes and the ERCC1 354 CT or TT genotypes were associated with 2-fold increased risk of breast cancer for ER À /PR À cases (OR, 2.03; 95% CI, 1.24-3.34 and OR, 1.99; 95% CI, 1.35-2.94). In the analysis of combined genotypes, as the number of risk alleles (RAD52 2259T and ERCC1 354T) increased, the breast cancer risk also increased among the ER À /PR À cases; that is, those women with one or two of those alleles were at the 2.9-fold (95% CI, 1.25-6.90) and 5.3-fold (95% CI, 2.23-12.6) increased breast cancer risk, respectively, compared with those without those alleles (P trend < 0.01; data not shown).
When possible interaction between these genotypes and known risk factors for breast cancer was evaluated, only RAD52 CT or TT genotype showed a moderate interaction with family history; that is, those women with the CT + TT 
Discussion
The results of this study suggest that genetic polymorphisms RAD52 2259C > T, ERCC1 8092C > A and 354C > T, and hMLH1 À93G > A are associated with risk of breast cancer in Korean women. Particularly, the effects of RAD52 2259C > T and ERCC1 354C > T genotypes were evident for the ER À /PR À cases. Whereas we found an association between the RAD52 2259C > T polymorphism and breast cancer risk, a previous study conducted by Kushel et al. (7) did not, in which only crude ORs were estimated. In the present study, initial crude OR for the RAD52 2259 CT or TT genotype was not significant, either (crude OR, 1.22; 95% CI, 0.95-1.58). Therefore, the discrepancy between these two studies might be partly attributed to the adjustment for other risk factors of breast cancer, in addition to the differences of populations (Caucasian versus Korean) and variant allele frequencies (0.44 versus 0.53).
There may be biological plausibility for our finding of an association between the hMLH1 polymorphism in the 5Vregion and breast cancer risk, because this polymorphism may have a potential influence on the expression of this mismatch repair protein. A number of studies found that mutations on mismatch repair genes cause colon cancer. Growing evidences, however, support the hMLH1 expression is also involved in breast cancer development. Frequent loss of heterozygosity at the hMLH1 locus was found in breast cancer (46% of 22 sporadic cases; ref. 14) , and lower normal expression of hMLH1 was observed for 12 cases of 14 sporadic breast cancer cases with microsatellite instability (19) .
The finding of an association between the ERCC1 8092 CC or CA genotype and increased breast cancer risk is comparable with that of previous epidemiologic study, in which the ERCC1 8029C > A was found to be associated with risk of adult-onset glioma (15) . The potential biological significance of this ERCC1 polymorphism located in 3V-untranslated region can be inferred from the fact that ERCC1 is involved in nucleotide excision repair pathway as the XPF-ERCC1 complex making the 5V incision of bulky DNA adducts (5) and that previous phenotype study reported that the expression level of ERCC1 was slightly lower in lung cancer cases than in controls (P = 0.091; ref. 20) .
It is known that patients who have ER À or PR À receptors tend to have a poor prognosis than patients with these receptors and the hormone receptor status has a profound effect on therapeutic decisions. A number of studies suggested the different relationship between risk factors such as parity, age, body mass index, family history of breast cancer and smoking, and breast cancer by ER and PR status (21 -27) . Colditz et al. (27) have concluded that the incidence rates and risk factors for breast cancer differ according to ER and PR status and that breast cancer risk should be estimated showed higher expressions of DNA repair genes (i.e., BRCA1 and BRCA2) thus showed improved DNA repair capacity compared with ER + cell line (MCF-7). Therefore, the effect of genetic polymorphisms of DNA repair genes on the DNA repair capacity could be possibly larger among subgroup of ER À /PR À cases as observed in this study. However, this hypothesis remains to be investigated. We found a suggestive interactive effect for family history in first-and second-degree relatives and the RAD52 2259G > T polymorphism (P interaction = 0.07). Another association study conducted by Han et al. (9) has also suggested the interaction between LIG4 polymorphism (1977C) and the first-degree family history of breast cancer, but we were not able to evaluate the interaction between this locus and family history because it was not polymorphic in our study population. The interactive effect between RAD52 and family history of breast cancer might be supported by the previous study which found that repair of radiation-induced DNA damage was reduced in breast cancer cases and their female relatives compared with healthy women without a family history of breast cancer (31) .
There are several limitations in this study that include moderate sample size for evaluating gene-environment and gene-gene interactions, limited evidence of functional effect of SNPs selected in the study because selection of polymorphisms was based on the allele frequencies and previous association studies, and a hospital-based case-control design that may have uncontrolled biases. However, we used the comprehensive, candidate gene approach for studying the association between genetic polymorphisms of DNA repair genes and risk of breast cancer in a Korean population. To the best of our knowledge, this is the first study that investigated the association between genetic polymorphisms of ERCC1 and hMLH1 and breast cancer risk.
In conclusion, the results of this study suggest that genetic polymorphisms of RAD52, ERCC1, and hMLH1 may be associated with risk of breast cancer in Korean women. Further larger studies, however, are needed to address the genotypephenotype relationship and gene-environment and gene-gene interaction in breast cancer development.
